In Europe, a Council Directive passed in 1999 provided for the regulation of waste disposal in landfills. This was a specific piece of legislation aimed at environmental control of new and currently operational installations. As a result, it has become necessary to adapt currently operational release points to make them compatible with the new legislation. This new situation has obliged the different environmental organisations to carry out a stocktaking of release points in order to draw up a conditioning plan or a closing plan in accordance with the directive. The present study describes a new methodology by which environmental diagnosis of landfill sites may be carried out, involving the formulation of environmental indexes that give information about the potential environmental problems of currently operational landfills. The indexes provide information related to the location, design and operation in order to help draw up action plans for the conditioning or closure of the landfill site and to prioritise the order of actions required.
INTRODUCTION
The increasing quantities, inappropriate treatment and final disposal of waste can result in negative impacts to the public health and to the environment [1] [2] [3] and also result in social and environmental effects [4] . The damage to the environment due to poor waste management can be avoided by implementing environmentally sensitive waste management techniques involving minimisation, composting, recycling, reuse and waste-to-energy programmes [5, 6] . However, solid waste disposal in landfills remains the usual method of disposal in a vast majority of cases [3, 7, 8] .
Landfills have been defined as the engineered deposits of waste onto and into land in such a way that pollution or harm to the environment is prevented and, through restoration, the land may be made available for other uses [9] . Landfills were initiated largely as a result of the need to protect the environment and society from the adverse impacts of alternative methods of refuse disposal such as open-air burning, open-pit dumping and ocean dumping [7, 10] .
Although landfills have eliminated some impacts of old practices, new problems have arisen, primarily due to gas and leachate formation. Besides potential health hazards, these concerns include fires and explosions [7, 11] , vegetation damage [10, 12, 13] , unpleasant odours [7, 8, 14, 15] , landfill settlement [16, 17] , ground and surface water pollution [18] [19] [20] , air pollution [15, 21] and global warming [22] [23] [24] .
The impact of the European Landfill Directive
The European Union Directive 31/1999 for controlling the landfilling of waste was under discussion for many years prior to its publication in April 1999. The overall aim of the directive is to prevent or reduce, as far as possible, any negative impacts on human health or the environment due to the landfilling of waste. In particular, the directive is concerned with preventing the pollution of surface and groundwater, soil and air. To meet these objectives, several measures are required that aim at improving the design, operation and management of landfills and also at restricting the types of wastes that are allowed to be landfilled.
The landfill directive was due to be incorporated into the national law of each EU member state by July 2001. Some examples of countries implementing the directive are Spain [3] , the United Kingdom [25, 26] and Finland [27] .
The member states are obliged to take measures to ensure that landfills that had already been granted a permit or were already in operation when the directive came into force do not continue to operate unless the requirements are met within a maximum of eight years after the date of the legislation. In consequence, environmental organisations have been obliged to carry out a stocktaking of release points located in their territory in order to draw up a conditioning plan or a closing plan for each site, depending on the environmental problems found in each case. These plans need to include the specific permission conditions listed in the directive and to outline any corrective measures, which the operators consider necessary to comply with the directive requirements [28] . In the specific case of Spain, the deadline for the conditioning plans was the end of 2002; however, it has been shown that 52% of landfills do not yet have a plan [3] .
Methodologies for evaluating the environmental impact of waste landfills
The first step in applying the directive is to inspect the landfill sites and to study their environmental impact. This in turn involves carrying out an environmental diagnosis of the landfill to identify the various problems. A number of authors have worked on different methods for evaluating the environmental impact in the design plans for new landfills [29, 30] , and methodologies have also been developed to study public opinion with regard to the siting of new landfills [31] . These studies are of limited relevance to our research, since we are concerned with landfills that are currently in operation. Nevertheless, on the basis of these methods, further methodologies have been developed to carry out environmental diagnosis in operational facilities with the aim of resolving particular problems in certain provinces or groups of municipalities [19, 32] .
In most cases, these methods involve stocktaking of local natural phenomena in order to compile lists of the impacts on the landfills where monitoring was undertaken, but the sphere of application is limited. Such methods make it possible to compare landfills environmentally but not to take decisions about their control, closing, sealing or recovering. There is a general lack of physical medium studies and all assessments relate to the release point, without taking into account the characteristics of the area in which the landfill is situated [3] . Accordingly, we have developed a new methodology with the objective of providing sufficient data to determine the environmental problems generated by waste landfills and to control their operational state. The methodology has already been applied to a large number of landfills, and some changes are being incorporated to correct specific shortcomings and to create softwares using an intelligent system based on fuzzy inference. The objective of this paper is to describe the final methodology, named EVIAVE.
METHODOLOGY DESCRIPTION
The methodology is based on the use of environmental indexes, which are explained in the following subsections, designed to provide quantitative assessment of the environmental interaction between the release point and the potentially affected environmental elements (surface water, groundwater, atmosphere, soil and health). In addition, assessment is made of the environmental value of each environmental element taken into account, as well as of the operational state of the landfill from the environmental point of view [2, 3] .
The methodology was developed first only for uncontrolled landfills but was later altered to apply in the case of controlled landfills too. Co-disposal of municipal, inert and hazardous wastes has been considered in the variable 'waste and organic matter types'. So EVIAVE may be applied to municipal solid waste landfills classified as non-hazardous by the Directive 31/1999 [28] and co-disposal of municipal, some hazardous and inert wastes. Territorial application of the methodology may include countries in the European Union and any other country where a similar legislation exists, or indeed where there is no legislation or the legislation is less prescriptive than this directive [3] .
Environmental Landfill Impact Index
The methodology obtains a general index called the 'Environmental Landfill Impact Index' (ELI) [2, 3] . This index characterises the overall environmental state of the landfill, obtaining values between 0 and 25 with classifications of 'very high', 'high', 'average', 'low' and 'very low' (Table 1) . It is expressed by eqn (1), where ERI i is the Environmental Risk Index for each environmental element.
Applied to different landfills in the same study area, the ELI can be used to draw up lists of priority actions. Landfills with greater ELI values would receive higher priority of action since they pose greater environmental problems.
Environmental Risk Index
The 'Environmental Risk Index' (ERI) determines the environmental impact potential for each environmental element, reflecting whether or not interaction exists between the release point or landfill and the characteristics of the environment [2, 3] . For each landfill, the ERI indicates which environmental element or elements are most affected by the presence of wastes, making it possible to determine the extent of deterioration in each case.
The index is expressed by eqn (2), where Pbc i is the probability of contamination and eV i is the environmental value, both for each environmental element (i). The index obtains values between 0 and 5 with classifications of 'very high', 'high', 'average', 'low' and 'very low' (Table 1) . 
Probability of contamination
The probability of contamination (Pbc) for each environmental element depends on the scale of operation, as well as waste characteristics and the spread of disposals in the landfill environment [2, 3] . It may obtain values between 0 and 1 and is classified as 'very high', 'high', 'average', 'low' and 'very low' (Table 1) .
In order to assess the contamination possibility, a number of landfill variables are selected for each environmental element. These variables are characteristics of the landfill related to biochemical and physical processes, which directly or indirectly affect the environmental elements. The variables make it possible to quantify the risk of contamination owing to the landfill location and operation. All the variables have a theoretical justification of their state and are based on guidelines established in the European Council Directive 1999/31/EC [28] . Table 2 shows selected variables for each environmental element.
The variables are classified in three groups (Table 3) : (1) variables related to the location of the landfill, (2) variables related to the design and operation of the landfill and (2) variables related to both.
The probability of contamination for each environmental element is expressed by eqn (3), where n is the number of variables affecting each environmental element, CRI j is the Contamination Risk Index (CRI) for each variable (j), CRI j minimum is the minimum value obtained by the CRI for each variable and CRI j maximum is the maximum value obtained by the CRI for each variable.
The difference between the probability of contamination and the ERI is that in the first case, the risk of environmental impact of the landfill is calculated without taking into account the environmental value of the area in which the landfill is situated. For example, two landfills might obtain a contamination probability of 0.5 for surface water. However, in one of the landfills the surface water at risk of contamination may have an environmental value of 5 while in the other the value may be only 1. Although the contamination probability is the same, different CRIs would be obtained for surface water, namely 2.5 and 0.5, classified as 'average' and 'very low' respectively.
Contamination Risk Index
The evaluation of each variable ( j) may be obtained by the Contamination Risk Index (CRI j ) for each variable, whose expression is shown in eqn (4):
In this expression, C j is the classification of the variable and provides information on the situation of the release point or the interaction between the disposal processes and the environmental characteristics related to the variable [3] . The range of values may be 1, 2, 3, 4 or 5. W j is the weighting of each variable. Values may be 1 or 2, depending on the relationship between the variable and the concept of 'structural elements' at the release point. The structural elements considered are: the existence of organic matter, humidity and density of the wastes. These three concepts participate in the main biochemical and physical processes produced in the release point and cause production of gas and leachate, affecting all the variables and providing greater weighting to the different landfill variables [3] . For example, the variable 'leachate control' affects the environmental elements of surface water, groundwater and atmosphere, obtaining in each case a weighting of 2, Settling of waste X X X X X Aquifer characteristics X Final covering X X X X X Compaction X X X X X Control of gas X X X Control of liquid leachate X X X X Distance from infrastructure X Distance from surface water mass X Distance from population points X Landfill age X X X X X Erosion X State of roads in the landfill X Fault located in proximity to the landfill X Waterproofing of release vessel X X X Covering material X X X X X Slope to surface water X Pluviometry X X X Release point localisation in floodwater storage volume X X X Release point localisation in surface runoff X X Seismic risk X X X X X Safety X Surface drainage systems X X Slopes of waste X X X X X Number of inhabitants X X X X X Waste and organic matter types X X X X X Wind X since the variable is directly related with the structural element 'humidity' and thus with a higher production of leachate and with the consequent risk of contamination. W j also reaches a value of 2 when the variable directly affects the structural elements, although these may not directly be related to the environmental elements. For example, the variable 'distance from the population point' contemplates the distance between the landfill and the nearest population point, including isolated settlements, and affects the environmental element 'human health'. In this case, the weighting of the variable also obtains a value of 2, since it is directly related to the risk of pollution to the health of the inhabitants of the population point [33] .
Justification and classification of the variable 'distance from population points' is shown in Table 4 . Classification is carried out on the basis of criteria established by research into congenital [34] and [35] anomalies observed in people living near landfills, as well as a Spanish legislation concerning hazardous and insanitary activities [36] and other studies relating to the presence of low or high-density population zones near release points and their environmental impact [37, 38] . The same justification and quantification is applied to all the other variables and environmental elements. Individual analysis of the CRIs obtained for each variable provides information concerning the actions that need to be carried out in the conditioning or closure plans. For example, it may be necessary to improve the control of leachates or biogas, or to construct facilities for the collection of surface runoff.
2.3.2 Probability of contamination due to landfill site and probability of contamination due to landfill operation Taking into account the rate expression for probability of contamination for each environmental element, two further indexes are obtained. These provide information about the suitability of the location of the landfill and its operational state, and again apply to each environmental element: 'Probability of contamination due to landfill site' (Pbc-s i ) and 'probability of contamination due to landfill operation' (Pbc-o i ). The rate expression used to quantify these indexes is represented by eqn (4); however, variables included in this expression are restricted to those related to the location of the landfill in the first case, and those related to the operation of the landfill in the second case. The variables may obtain values between 0 and 1 and are classified as 'very high', 'high', 'average', 'low' and 'very low' (Table 1) .
Environmental value
The concept, environmental value (eV), is designed to identify and quantify the environmental assessment of each environmental element in the area of the landfill. It is considered as a relative environmental value, since it takes into account the relationship between the landfill environmental and/or social and political characteristics and the emissions in the release point [3] , as well as the environmental importance for each element in the surroundings of the landfill. The eV provides information concerning the suitability of the landfill location. If an environmental element obtains high or very high values, it indicates that the landfill is located in an area of greater environmental sensitivity for the element in question.
Values range between 1 and 5 for each environmental element, with classifications of 'very high', 'high', 'average', 'low' and 'very low' (Table 1 ).
In the case of surface water, three characteristics are used to quantify the environmental value: the type of the surface water mass (A 1 ), the use of water (A 2 ), the existence of animal or vegetable specieswater quality (A 3 ). The rate expression used to quantify these three characteristics is represented by eqn (5). Table 5 shows the justification and quantification in the case of the characteristic 'use of water'. The same justification and quantification is applied to the other characteristics and environmental elements. 
METHODOLOGY APPLICATION 3.1 Description of landfills
Application of the methodology is based on the collection of data relating to the physical environment, state and characteristics of the release points. Data collection involved visiting the different landfills as well as studying existing information on the deposit points and the characteristics of their environment. The results from the data acquisition card used for one of the landfills studied (Huétor Sierra Natural Park) are summarised in Table 6 . 
Results and discussion

Suitability of the landfilling site
Waste disposed in a landfill is usually subject to a series of complex biochemical and physical processes, which generate environmental impacts. The significance of such impacts largely depends on the spatial distribution of the effects of the proposed action and the distribution of the affected receivers [39] . Accordingly, the first step in the environmental diagnosis of the release point, studied as an example (Huétor Sierra Natural Park), was to analyse the suitability of the site. With the EVIAVE methodology, it was possible to analyse two indexes: the probability of contamination due to the landfill site and the environmental values for each environmental element. Figure 1 shows the probability of contamination due to a landfill site for each environmental element (Pbc-s). In each case, the probability was classified as average. Whereas the variables in the probability of contamination take into account the biochemical and physical processes affecting the environmental elements, the landfill site must also take into account the social, technical and political parameters [40] [41] [42] . These were considered as part of the environmental value.
In the example studied, the release point was located in a natural park; so the environmental value was 5 (very high) for all the environmental elements in accordance with the guidelines of the European Council Directive on waste release [28] .
Suitability of landfill operation and design
Suitable design and operation of the landfill are essential in order to eliminate or minimise associated adverse environmental impacts [7] . Indeed, the significance of environmental impacts is dependent on the operation and design of the landfills too.
To quantify the environmental impacts due to operation and design, the corresponding variables were analysed. Figure 1 shows the probability of contamination due to landfill operation (Pbc-o i ). In this case, the index presented values classified as very high because the release point was uncontrolled. In effect, the operation was close to open-pit dumping, with consequent major adverse impacts [7] . Figure 1 also shows the global probability of contamination for each environmental element, taking into account landfill operation, design and siting. As may be observed, the values were high for each environmental element.
Probability of contamination
Environmental Risk Index
To determine the environmental impact of the release point, it is necessary to assess the probability of contamination of each environmental element due to interaction between the landfill and the environmental characteristics. However, it is also necessary to consider other legal, social and economic characteristics that likewise contribute to the environmental impact. These are considered as part of the environmental value. The ERI reflects the environmental impact for each environmental element, taking into account these considerations. Figure 2 shows the ERI for each environmental element for the studied example. In this case, all the values were high, indicating that there was a high risk that the release point would affect each environmental element.
Environmental landfill interaction index
Finally, the global environmental impact of the landfill was quantified. The value obtained was 18.35, corresponding to a classification of 'high'.
Closing plan
In view of the non-suitability of the release point location and the high ELI, it was necessary to draw up a closing plan to stop the disposal of waste in the studied release point and to design a sealing system to reduce the environmental impact as far as possible.
To draw up the closing plan, the CRI for each variable and for each environmental element was studied in order to determine the state of impact of each variable and to plan direct actions for those variables in which it was possible to reduce the environmental impact. Figure 3 shows the state of variables related to operation and design for surface water. In this case, the closing plan should specify actions such as construction of surface drainage systems, covering material, waterproofing of release vessel, control of liquid leachate and compaction, final covering and settling of waste. A similar analysis was carried out for the remaining variables and the environmental elements.
4 CONCLUSIONS The EVIAVE methodology makes it possible to carry out an environmental diagnosis of urban waste landfills by providing sufficient data to determine the set of environmental problems posed by each landfill. In the studied example, the environmental impact was quantified and classified as high, indicating the need to take measures to reduce the environmental impact as far as possible.
The results obtained from the methodology, formulated in a series of environmental indexes, may be used in various ways:
1. As a tool for studying the suitability of landfill sites and for monitoring their operation. In the example studied in this paper, the location of the landfill was shown to be unsuitable and its design and operation were inadequate. 2. For application in closing, sealing and conditioning projects in cases where termination of the landfill operation is required. Bearing in mind the unsuitable location of the studied release point and the high value of the ELI, it was concluded that the release point should cease operation and that a closing plan should be drawn up. The plan would include a sealing system designed to reduce the environmental impact as far as possible.
Applied to other release points in the area under study, the EVIAVE methodology would make it possible to draw up a list of priority actions and thus facilitate a co-ordinated process of planning and decision-making.
